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Abstract:

The mountain headwater Bow River at Banff, Alberta, Canada, was subject to a large flood in June 2013, over which
considerable debate has ensued regarding its probability of occurrence. It is therefore instructive to consider what information
long-term streamflow discharge records provide about environmental change in the Upper Bow River basin above Banff.
Though protected as part of Banff National Park, since 1885, the basin has experienced considerable climate and land cover
changes, each of which has the potential to impact observations, and hence the interpretations of flood probability. The Bow
River at Banff hydrometric station is one of Canada’s longest-operating reference hydrological basin network stations and so has
great value for assessing changes in flow regime over time. Furthermore, the station measures a river that provides an extremely
important water supply for Calgary and irrigation district downstream and so is of great interest for assessing regional water
security. These records were examined for changes in several flood attributes and to determine whether flow changes may have
been related to landscape change within the basin as caused by forest fires, conversion from grasslands to forest with fire
suppression, and regional climate variations and/or trends. Floods in the Upper Bow River are generated by both snowmelt and
rain-on-snow (ROS) events, the latter type which include flood events generated by spatially and temporally large storms such as
occurred in 2013. The two types of floods also have different frequency characteristics. Snowmelt and ROS flood attributes were
not correlated significantly with any climate index or with burned area except that snowmelt event duration correlated negatively
to the Pacific Decadal Oscillation. While there is a significant negative trend in all floods over the past 100 years, when separated
based on generating process, neither snowmelt floods nor large ROS floods associated with mesoscale storms show any
trends over time. Despite extensive changes to the landscape of the basin and in within the climate system, the flood
regime remains unchanged, something identified at smaller scales in the region but never at larger scales. Copyright © 2016 John
Wiley & Sons, Ltd.

KEY WORDS floods; snowmelt; rain-on-snow; Canadian Rockies; return periods; hydroclimate trends

Received 23 October 2015; Accepted 6 July 2016

INTRODUCTION

Whether or not flood magnitudes are changing with
climate is a question of considerable hydrological interest
and a concern to insurers, decision-makers, scientists,
engineers, and the general public. The 2013 flood in the
Bow River Valley of Alberta, Canada, alone resulted in a
profusion of opinions regarding this ‘flood of the century’
in the media, governments, and professional workshops.
The daily streamflow series for the Bow River at Banff
is a dataset that can be used to address the question
of change over time as the hydrometric station has a
record in excess of 100 years, is of high quality,
and drains a basin that whilst not unchanged over
the past is a protected area in Banff National Park with

well-documented land management and no substantive
water management.
Floods in the Bow River have attracted attention over

time (Dawson, 1886; Sauder, 1914; Whyte, 1914, 1916;
Ford, 1924; Hoover 1929; Hoover and MacFarlane,
1932). Bow River floods have been attributed to the
effects of forest fires by Dawson (1886) and in the
histories of Banff National Park (Hart, 1999, 2003).
Armstrong et al. (2009) reported large floods in the Bow
River in 1879, 1897, 1902, 1915, 1929, and 1932 and
lesser floods in 1916, 1923, 1933, 1948, and 1953 and
suggest that floods had diminished over time, but noted
that these large floods were associated with heavy widely
distributed rains; however, their remarks were made
before the rain-on-snow (ROS) flood events in 2012 and
2013.
The Bow River at Banff hydrometric station has been

operated for more than 100years, and it is one of the
longest records of stations in Canada’s Reference
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Hydrologic Basin Network. Reference stations in the
Reference Hydrologic Basin Network were selected to
provide records that were suitable for studies of the
relationship between streamflow and climate (Brimley
et al., 1999; Whitfield et al., 2012). Burn et al. (2012)
demonstrate the importance of reference networks for
detection of climate-driven trends. Other studies have
made frequent use of the data from this station (e.g.
Hopkinson and Young, 1998; Rood et al., 2008; Burn and
Whitfield, 2016; Rood et al., 2016). Burn and Whitfield
(2016) examined trends in reference and non-reference
hydrometric stations in Canada and found different
patterns between the two types of stations and in different
regions. Using the Mann–Kendall test and the annual
maximum series, rivers such as the Bow were showing
significant declines in flood magnitude and the peaks were
occurring earlier. Burn and Whitfield (2016) demonstrated
that this also applied to flows of Q10 and Q0.5; these are
the 90th and the 99.5th quantiles, respectively.
In most years, the Bow River is a classic nival system;

the annual peak flows generally result from
spring/summer snowmelt (Pomeroy et al. 2016a). Hoover
(1929), however, identified three conditions required for
the very largest floods in the Bow River: a large
snowpack, a late spring, and hot weather with torrential
rain; conditions that occurred during the 2013 major ROS
event in the Bow River Basin (Milrad et al., 2015;
Pomeroy et al., 2016a,b; Liu et al., 2016; Fang and
Pomeroy, 2016) and the smaller 2012 event. This
complicates the problem of assessing the properties of
floods, particularly return periods and trends; normally,
the peak flows in the Bow River at Banff are from
snowmelt, but on rare occasions, large events occur that
are the result of widespread ROS and result in some of the
largest observed and reported peaks. A persistent issue in
the study of floods is how to address the mixture of flood-
generating mechanisms that occur in many flood event
series (Whitfield, 2012). The classic literature (Moran,
1957; Waylen and Woo, 1982, 1983; Woo and Waylen,
1984) demonstrates the impacts on the frequency analysis
of mixed flood series for annual maxima. An alternative
approach involves the analysis peaks over threshold (e.g.
Hirschboeck, 1987); neither method has fully resolved
dealing with mixed populations. Separation of event types
is not a routine calculation nor has it been successfully
automated; however, standard approaches to frequency
analysis or trend analysis of a flood series from mixed
processes may not adequately or fairly reflect reality.
While the intention of reference basin sites is that land

use does not change over time, it is clear that since 1885,
numerous events and actions have resulted in many
changes to the Bow River Basin in Banff National Park.
These include the linear developments of the railway in
the 1880s and the development of highways (Hart, 1999),

exclusion of First Nations from the park (Binnema and
Niemi, 2006), the suppression of forest fires (White,
1985), and a changing climate. Each of these has
contributed to landscape changes that have been observed
over the past century, most notably the reduction of
glacier area by 25% (Luckman, 1998; Hopkinson and
Young, 1998; Comeau et al., 2009) and the expansion of
coniferous forest and reduction in grassland area (Byrne,
1964; Nelson and Byrne, 1966; Luckman, 1998).
Banff National Park, with an area of 6600km2, was

established in 1885 in the Canadian Rocky Mountains.
The park follows the main valley of the Bow River
through mountainous terrain with glaciers and icefields.
Three ecosystems are represented in the park: montane
(~3%), subalpine (~53%), and alpine (~27%). Forests
cover 44% of Banff National Park, primarily in valley
bottoms and lower mountain hillslopes (Van Wagner
et al., 2006). The tree line is approximately 2300m.
Holland (1982) reports that in Banff and Jasper, wetlands
with poorly drained soils occupy only 8% of the area,
with 53.5% being well-drained or upland soils and 38.6%
being miscellaneous types.
The role of forest fires in relation to floods in the Bow

River was first suggested by Dawson (1886) but
subsequently by others. Fire occurrence records for Banff
National Park provide a basis to assess the importance of
fire to flood regime. Fire is an important component of
the mountain ecosystem (Feunekes and Van Wagner,
1995; White et al., 1998, 2007, 2011) and is also strongly
connected to the climate system (Johnson and Fryer,
1987; Johnson and Wowchuk, 1993). Fire suppression in
Banff National Park began in the 1920s (White, 1985)
and continued until the 1980s when a programme of
prescribed burns began (White, 1985). Fire is recognized
as being important to the grassland ecosystem (Ogilvie,
1963; Day, 1972; Stringer, 1973) and also to the elk
introduced to the park (White et al., 1998; White, 2001).
River basins directly impacted by fire exhibit a variety of
hydrological responses (Moody and Martin, 2001;
Chanasyk et al., 2003; Mahat et al., 2015; Springer
et al., 2015), including hydrophobicity and decreased
infiltration (Robichaud 2000). Evergreen forests intercept
and sublimate a large fraction of winter snowfall
(Pomeroy et al., 1998) and slow snowmelt substantially
(Ellis et al., 2011). Pomeroy et al. (2012) have shown
through modelling a substantial increase in spring runoff
with forest cover removal in Marmot Creek basin, near to
the Upper Bow River Basin, and Fang and Pomeroy
(2016) show that if soils are disturbed along with the
canopy, then the 2013 modelled flood peak discharge
doubles compared with current primarily forested condi-
tions in Marmot Creek. The modifications to the fire
regime from fire suppression coupled with the careful
record keeping by the National Park Wardens permit the
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assessment of the relationship of fire and floods in the
relatively larger Bow River Basin.
There is considerable literature indicating that climate

and streamflow respond to variations in large-scale
features of the climate system (Fleming et al., 2007;
Fleming and Whitfield, 2010). Two climate system
features that are reported to be important in western
Canada are the El Niño–Southern Oscillation (Trenberth,
1997; Shabbar and Khandekar, 1996; Shabbar et al.,
1997; Budikova and Nkemdirim, 2005; Fleming and
Whitfield, 2010; Harder et al., 2015) and the Pacific
Decadal Oscillation (PDO; Mantua and Hare, 2002; Burn,
2008; Déry and Wood, 2005; Fleming and Whitfield,
2010; Whitfield et al., 2010; Fleming and Sauchyn, 2013;
Harder et al., 2015). Two other oscillations that affect
North America are the North Atlantic Oscillation (NAO;
Hurrell et al., 2001; Burn, 2008) and the Atlantic
Multidecadal Oscillation (AMO; Enfield et al., 2001;
Fortier et al., 2011; Veres and Hu, 2013).
The basin of the Bow River at Banff, though protected,

is subject to climate changes and land cover change from
fire and its suppression. The objective of this paper is
therefore to address two main questions. First, are there
any trends in flood attributes in the record from the Bow
River at Banff and of high flows in general?, and second,
are there relationships between the flood attributes and
changes in land cover or changes in the climate system
over the basin? A peaks over threshold approach is used
to consider all flow events that exceed the 90th quantile
(104m3/s); for each event, three quantities were extracted:
(1) the maximum value, (2) the event volume, and (3) the
duration of the event. The annual series of these
attributes, including the number of events in each year,
were examined for trends and frequency analysis for
separated series based upon generating process.

SITE AND METHODS

Summers in the Upper Bow River Basin are brief and
cool with an occasional hot day, whilst winter is normally
long with an occasional cold spell (Janz and Storr, 1977;
Harder et al., 2015). The weather is notable for its
variation from season-to-season, day-to-day, and even
hour-to-hour. There is a strong precipitation gradient from
west to east; semi-arid valleys have less than 500mm of
precipitation (Janz and Storr, 1977). Topography and
elevation play a predominant role in all elements of
climate; differences in elevation drive local variations in
climate. During the winter, from September to April,
precipitation at Lake Louise follows a similar monthly
pattern to Vancouver; during May to August, this
switches to a pattern similar to Calgary (Janz and Storr,
1977); this suggests that summer precipitation is

convective (Calgary regime) and winter is frontal
(Vancouver regime). Precipitation at Lake Louise
(~750mm) is about 50% greater than that at Banff
(~500mm). The maximum precipitation in Banff occurs
in June, whilst at Lake Louise, it is in December. The
total annual snowfall is directly related to elevation;
valley observing stations receive much less snowfall than
that occur at higher elevations (Janz and Storr, 1977).
Many studies of floods use the annual maximum series;

here, all events that have observations of discharge that
exceed the 90th quantile were examined, the intention
being to sample more than one event in each year. The
daily discharge for the Bow River at Banff (05BB001)
was obtained for the period of record by using
ECDataExplorer (up to 2012); additional data for
2013–2015 were obtained from the Water Survey office
in Calgary (D. Lazowski, personal communication). Daily
temperature and precipitation for the series of climate
stations operated at Banff (3050520) were extracted from
the Environment Canada climate archive and merged by
using the R package ‘seas’. The locations of these two
stations are shown in Figure 1, which also shows the
boundary of Banff National Park, the distribution of
forested area, and the location of the stream gauge at

Figure 1. Bow River Valley in Banff National Park showing the locations
of climate and hydrometric stations and forested areas. The location of the

Marmot Creek Research Basin is also shown
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Marmot Creek. Annual and climate indices, AMO, NAO,
Southern Oscillation Index (SOI), and PDO, were
obtained from the National Oceanic and Atmospheric
Administration (http://www.esrl.noaa.gov/psd/data/
climateindices/list/).
Flood event data were extracted from the daily flow

series. Each time the daily flow series exceeded the Q90
threshold, attributes were obtained: starting date, event
maximum (the maximum discharge during the event),
volume (the total discharge during the period discharge
was above the threshold), and duration (the total number
of days above the threshold). Q90 was chosen as it
approximates the smallest of the annual maxima series.
The Q90 snowmelt series may contain a few smaller
runoff events in August or September, where glacial melt
in warm spells or other processes may be occurring
(Hopkinson and Young, 1998). Nine events for which
there were streamflow data were identified as large ROS
events as described in the succeeding texts. The event
data were subsequently converted into two annual series,
one for snowmelt events and another for large ROS
events: the maximum discharge, the event volume, and
the event duration. Additional flood attributes were
calculated for the annual series, the total volume, and
the total duration of events; these calculations affect the
annual snowmelt series since multiple events occur, but
not the large ROS series as those events are rare.
Analysis of mixed populations of floods remains

challenging. Technical reports describing early flooding
events in the Bow Valley and in the Banff area provided
clear evidence of nine large ROS events (1909, 1915,
1916, 1918, 1923, 1929, 1932, 2012, and 2013; see
Table I for citations). Large floods occurred in the Bow
River in 1879, 1897, 1902, 1915, 1929, and 1932 and
lesser floods in 1916, 1923, 1933, 1948, and 1953 that
were associated with heavy widely distributed rains
(Armstrong et al., 2009). Technical reports from the
Department of the Interior and Dominion Water Power
(Sauder, 1914; Whyte, 1914, 1916; Ford, 1924; Hoover
1929; Hoover and MacFarlane, 1932) provide evidence
that these events were similar in scale and nature to the
large ROS events of 2005, 2012, and 2013. Table I also
includes large floods reported before streamflow data
became available (1909). Procedures that automatically
separate floods by type are desired. The large ROS events
were confirmed by considering several aspects. In
snowmelt-dominated peak flow years, the central ranges
in Banff National Park contribute more to runoff than the
front ranges and foothills (Pomeroy et al. 2016a); during
mesoscale events such as 2013, relatively more runoff is
contributed from the front ranges and foothills between
Banff and Calgary. In ‘normal’ years, which are
snowmelt-dominated, the Bow River at Banff contributes
a greater proportion of the runoff at Calgary than would

be estimated solely by the drainage area ratio (28%);
deviations below this runoff ratio were used to identify
events where more flows were being generated in the
lower basin downstream of Banff. Heavy rainfall events,
observed at Banff, identified periods where rainfall was in
excess of 40mm (larger than the daily spring snowmelt as
identified by Pomeroy et al., 2012) and three day rainfalls
were in excess of 70mm, suggesting a large-scale frontal
source of rainfall that would cover the basin, rather than a
small-scale convective storm that might only affect the
area around the Banff rain gauge. Neither of these was
sufficient to support identification of large ROS events on
a consistent basis as temperature and antecedent snow-
pack also play significant roles (Fang and Pomeroy,
2016). For example, in 2005, there was a large rain event
in Alberta that resulted in widespread flooding (Shook,
2016) and large amounts of rain occurred in Banff, yet the
observed peak in the Bow River at Banff was relatively
small (167m3/s; Table I).
All the analysis presented was performed by using ‘R’

(R Development Core Team, 2014). Non-parametric
correlations (Kendall rank) were used to assess relation-
ships between the climate system, burned area, and the
flood attributes. Trend tests for annual and monthly series
were performed by using Mann–Kendall test, a widely
used non-parametric trend test by using ‘Kendall’
(McLeod, 2015). None of the flood attribute series
exhibited significant autocorrelation. All significance
testing was performed by using p≤ 0.05. Frequency
analysis was performed by using peaks over threshold
series using the package ‘FAmle’ and ‘ismev’.
Records of fire occurrence and extent in Banff

National Park were extracted from White (1985) and
records obtained from Parks Canada (J. Park, personal
communication). Event data are insufficient to relate
the persistent effects of fire on the landscape as the
effect of a fire persists beyond the year in which it
occurs (e.g. Mahat et al., 2015). A simple model of the
effects of the fire was developed that consisted of two
components, a direct effect period and a recovery
period. The direct effect period reflects the time where
the landscape effects of the fire continued and forest
vegetation was largely removed from the landscape and
soils may have been disturbed. The subsequent
recovery period is assumed to be a linear transition
from affected to ‘undisturbed’ forested conditions. This
model does not address the intended impacts of
prescribed burns, which include alteration of forest
species succession and the conversion of forest to
grassland in the driest sites. A direct effect period of
5years, followed by a recovery period of 10years, was
used based upon the literature (Johnson and Fryer,
1987; Ireland and Petropoulos, 2015; Mahat et al.,
2015; Springer et al., 2015).
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RESULTS

The entire daily data set from the Bow River at Banff,
including periods of reported ice cover, is shown as a
raster plot (Figure 2). The largest discharge peaks occur
between days 150 and 200 throughout the record, and the
peaks are generally early in the high-flow period, rather
than later in the year. In most years, ice cover remains on
the river until late March or early April, generally around
day 100 (Figure 2). Annual streamflow patterns appear to
be consistent over the period of published record between
1909 and 2012.
Analysis was performed on the series of 349 individual

events in excess of the 90th quantile, and for trends and
frequency analysis, these were reduced to three series,
one for all events, one for snowmelt events, and one for
large ROS events. The results for the individual events are
presented first followed by those for the annual series.

Individual events in excess of Q90

The time series of the flood attributes of the 349
individual events above the 90th quantile of mean daily
discharge from the Bow River at Banff is shown in

Figure 3. The large ROS events between 1909 and 2015
listed in Table I are shown as squares, whilst all other
events are shows as circles. Colour in Figure 3 indicates
the month in which the event started, clearly indicating
that all large events and 92% of the events greater that
Q90 occur in May, June, and July (20, 47, and 26%,
respectively), whilst some smaller magnitude events do
occur in August (7%) and September (<1%). The
identified ROS events (Table I) dominate the events that
exceed 300m3/s (Figure 3a) and occur in two separate
groups, one ending in 1932 and the other in 2012 and
2013. The time series of event volumes (Figure 3b) shows
that large-volume events occur most frequently in June
and July and that the large-magnitude ROS events are not
the largest-volume events, but similar to other events. The
large ROS events also have similar durations to other
events (Figure 3c). Snowmelt event attributes are highly
correlated (0.77–0.95, all p≤0.05), whilst for ROS only,
volume and duration are correlated (0.91, p≤0.05);
however, the number of ROS events being compared
is small.
Booth et al. (2006) suggested that plotting flood event

duration versus magnitude versus timing (Figure 4) is

Figure 2. Raster plot of daily streamflow observations in the Bow River at Banff 05BB001 from 1909 to 2012. Gray bars indicate the reported presence
of ice cover
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useful for separating flood types using time and
magnitude thresholds. While Figure 4 is clearly sensitive
to the selection of a threshold, it does demonstrate the
range of differences in the types of events. Here, the ROS
events are of the highest magnitude and of similar
duration and timing to the largest snowmelt events, but
large snowmelt and ROS event magnitudes overlap.
Many events with short durations and small magnitudes
are shown in Figure 4; the largest magnitude events have
durations between 7 and 40 days and occur in May and
June. August and September events have durations
between 3 and 15days and are of lower magnitude.
The results presented here compare time series of

climate indices, area affected by fire, and flood attributes
and also tests for trend. Figure 5 shows the four annual
climate indices, AMO, NAO, SOI, and PDO, for each
flood event in the individual series.
Two climate system features, PDO and SOI, are

reported to have effects on climate and hydrology in
western Canada and are explored in more detail in the
succeeding texts. Plotting the relative magnitude, volume,
and duration for individual snowmelt and ROS events as

a function of PDO and SOI is shown in Figure 6a–c. In
Figure 6 the ROS events are shown as squares; these
events predominately occur during negative values of the
PDO and neutral (La Nada) values of SOI.

Annual events in excess of Q90

The annual observed area burned in individual years
and an estimated area affected by forest fires are shown in
Figure 7. These estimates are modelled using the premise
that a fire has 5 years of direct hydrological impact,
followed by a recovery period of 10 years. Forests in
Banff National Park are restricted to the valley bottoms
and slopes (Figure 1) and occupy only about 44% of the
Park area (Van Wagner et al., 2006). Large wild fires
were common prior to 1940; after 1985, prescribed fires
occurred. The management strategy of fire suppression
during the years from 1930 to 1985 is obvious in the
observed fires and modelled affected area. The modelled
affected area exceeds 10% of the forested area of the park
before 1900 and reached that level again around 2010.
Large floods in the Bow River at Banff represent a

mixture of processes (Pomeroy et al. 2016a). Identifica-

Figure 3. Attributes of events in excess of 90th percentile (in excess of 104m3/s) for the Bow River at Banff 05BB001, (a) maximum discharge, (b) .
event volume, and (c) duration. The solid squares indicate major rain-on-snow events. Colour indicates the month in which the event began. Note that

92% of the events begin in May, June, and July
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tion of ROS events using published reports (Table I) and
meteorological records suggested that nine events have
occurred during the period where streamflow data were
available. Published records (Table I) indicate that four
events occurred before streamflow records were avail-
able. This indicates that 11 such events occurred between
1879 and 1932 and another two in 2012 and 2013,
suggesting that these events are patchy in time and the
probability of this type of an event is not random.
Non-parametric correlations between years, the climate

indicates, burned area, and the annual flood attributes are
shown in Table II. The bold values in larger font are
significant at p≤ 0.05 and the number of degrees of
freedom varies widely due the availability of data (e.g.
climate indices) and the occurrence of floods (e.g. only
9 years have ROS events). There are many significant
correlations for similar generating processes amongst the
flood attributes such as event maximum, volumes, and
duration in the lower right portion of the table. Some of
the high degree of correlation amongst flood attributes
indicates that these attributes are not independent of each
other. Similar correlations were obtained for the
individual peak events and are not repeated here.
Significant correlations between years and flood attributes

are generally similar to those found by using the
Mann–Kendall trend test (next section). There are
significant correlations amongst the atmospheric indices,
specifically between AMO and NAO and between SOI
and PDO. There are also significant correlations between
climate indices and burned area, which are spurious as the
pattern of burned area is clearly a product of fire
suppression and prescribed burns and not a response to
the climate system. The only significant correlation
between flood attributes and the climate system was
snowmelt duration with the PDO; this coefficient is very
low, and the significance is due to the large sample size
and not expected to be hydrologically important. There
were no significant correlations between flood attributes
and burned area – positive correlations would be expected
given that the snow process changes associated with
canopy removal (Pomeroy et al., 2012).
Trends in flood attributes for the combined series and

separate snowmelt and ROS events are shown in Table III
and Figure 8. While there are significant declining trends
in maximum peak discharge and total event volume when
the entire series of annual events is considered, no
significant trends were detected for either the
separated snowmelt series or the ROS series. As shown in

Figure 4. Seasonal distribution of peaks in excess of 90th percentile for different durations for the Bow River at Banff. The solid squares indicate major
rain-on-snow events
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Figure 8a, a statistically significant decrease in the
combined maximum flood was found for the period of
record, but not for the separated snowmelt or ROS series.
Similarly, in Figure 8b, there is a significant deceasing
trend in the combined series of total event volume, but not
in either the snowmelt or ROS series. There were no
trends in the total annual duration of events significant at
p≤ 0.05 (Figure 8c).
Several different distributions were fit to the snowmelt

and ROS peak series; Figure 9 shows the diagnostic
plots using the generalized extreme value distribution.
Similar fits were obtained by using other distributions
such as the Log Pearson Type III, but are not shown.
The differences between the ROS and snowmelt series
are clear from the difference between the maximum
likelihood estimates of location (179.6 vs 287.8), shape
(44. vs 421.5), and scale (66.8 vs 88.8) between
snowmelt and large ROS events as reflected in return
period plots (Figure 9). These are adequate fits for the
current purpose, but the fact that the largest observations
in each series deviate far from the fitted line suggests
that caution must be used by using these distributions to
describe extreme events. There are large differences in
the location, shape, and scale estimates; the return
periods with a probability of 0.01 for a snowmelt event

are estimated to be ~340m3/s, whilst those for a ROS
event would be ~540m3/s. More importantly, three of
the nine largest ROS events observed in the past
100 years exceed 340m3/s. Run tests indicate that the
ROS events are not random over the period of record
(p<0.05).

DISCUSSION

Statistical analysis of hydrological time series generated
by mixed processes continues to be a challenge. This has
been clear since early work on frequency analysis
(Moran, 1957; Waylen and Woo, 1982, 1983; Woo and
Waylen, 1984). Whilst most studies of flood series focus
on the annual maximum series, all events greater than a
threshold are considered here for a discharge series,
which is more than 100years in length.
Burn and Whitfield (2016) showed than many annual

maximum series in Canada, including the Bow River at
Banff, were showing declining trends. The trend tests
in Figure 8 and Table III for the combined series show
similar results to those of Burn and Whitfield (2016).
Separating the series of peaks based on generating
process results in neither series having a significant

Figure 5. Annual climate indices for individual flood events in excess of the Q90 threshold
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trend for any of the attributes considered. Whilst the
importance of this separation for frequency analysis has
long been known, it appears to apply also to trend
analysis. A methodology where streamflow records
themselves could be used to separate floods based
upon their generating processes is sorely needed.
Studies of flood series that are unable to separate
flood events based on mixed generating processes
could be problematic as noted by Pomeroy et al.
(2016a,b).
From the perspective of frequency analysis, the

properties of the two series of floods are different.
Flood frequency analysis of series separated based on
runoff generation process demonstrates the differences
in properties of the two series and the disproportional
number of events of different types. Considering these
separately, the statistical distributions are very different
and estimates of return periods differ substantively. For
the snowmelt series, the 0.01 event would be ~340m3/
s whilst six of the nine large ROS events in the past
106years exceed that amount. Clearly, the snowmelt
series does not inform estimation of large floods. But

Figure 6. Timing and magnitude, volume, and duration of individual flood events in relation to SOI and PDO. The size of the symbol is relative to the
maximum value. The squares indicate the large ROS events. Colour indicates the month in which the event began

Figure 7. Reported forest fires areas and modelled affected area of burn. The
horizontal dotted line indicates 10% of the total area of Banff National Park
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Table III. Summary of trend results for flood attributes

All data Snowmelt Rain-on-snow

Tau p Tau p Tau p

Maximum peak discharge �0.163 0.01 �0.083 0.22 �0.004 0.95
Total event volume �0.139 0.03 �0.069 0.30 0.111 0.75
Total event duration �0.123 0.06 �0.058 0.39 0.000 1.00

Statistically significant values are bold and underlined. These series are presented in Figure 8.

Figure 8. Annual maximum, total event volume, and total event duration of snowmelt and rain-on-snow events that exceed the 90th quantile. The line is
a lowess fit to the combined series of events

Figure 9. Within group Return level plots using GEV for (a) snowmelt events and (b) rain-on-snow events for the Bow River at Banff. The black line is
the GEV fit to the points, and the blue lines are the 95% confidence intervals. The return level is in m3/s, and the return period is in years
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the sample size of ROS is so small that estimation of
large floods from this series is highly uncertain.
Mixed populations such as found here were discussed

by Klemeš (1982) who argued that the concept of mixed
floods is meaningful if physically justified and the
subgroups can be separated on physical evidence.
Waylen and Woo (1982) examined the problem of
differences between rainfall and snowmelt generated
floods; Hirschboeck (1987, 1988) examined flood event
hydroclimatology and linked flood types to synoptic
atmospheric circulation mechanisms. The more frequent
snowmelt events do not produce, the largest floods in
the Bow River at Banff; ROS events whilst less
common impose a much larger risk. Large ROS events
occur in about 8% of the years of the 105-year observed
streamflow record and have a much large magnitude for
similar return periods. Dealing statistically with two
flood types is complicated from either trend or
frequency perspectives. Further complicating matter is
the fact that over time, the ROS events are not random.
New approaches will be required to address frequency
analysis for mixtures of flood events where the
occurrence of events is not random but has some
unknown form of time structure. Using a threshold of
Q90, the 90th quantile was chosen to ensure that at least
one event occurred in each year and resulted in a total of
349 individual events where the flow exceeded 104m3/s
for at least one day. Using this threshold, the peak
magnitude, volume of water, and duration during the
event could also be determined. Whilst the three
attributes are not statistically independent, they provide
additional information about the types of peak flow
events. These events were separated into two groups: a
ROS group which was identified based on historical
records as being similar to the 2012 and the 2013 event
reported in Milrad et al. (2015). Pomeroy et al. (2016a),
and Liu et al. (2016) and a group where snowmelt is the
dominant mechanism associated with the events. The
snowmelt group of events does, however, include short-
duration events that may be caused by other mecha-
nisms. The plot of duration versus magnitude proposed
by Booth et al. (2006) and shown as Figure 4 is a useful
method for considering a large group of events such as
is available here; however, it does not provide an
adequate separation by runoff generation type as was
reported by Booth et al. (2006). In the Bow River, more
mechanisms are involved in generating peaks than in
Booth et al. (2006), where peak events were
predominantly rainfall in origin. Large events in the
Bow River at Banff, greater than 200m3/s, have
durations between 7 and 70days, and the largest of
these have durations between 21 and 70 days and exceed
300m3/s. This is a substantial spread from any
well-defined peak-duration curve.

Correlations of attributes describing annual and event
flood peaks with those describing the climate system and
burned area in the park showed similar null results. Only
snowmelt duration was significantly correlated (negative-
ly) to the PDO. ROS events were not significantly
correlated to any climate system feature, likely the result
of a small sample size of only nine events. The plot of
flood types and the magnitude against SOI and PDO
(Figure 5) show that snowmelt floods during the positive
PDO tend to have smaller magnitudes and volumes and
shorter durations than those during negative PDO, but
these are not significant correlations. ROS events tend to
occur mostly during negative PDO and neutral SOI as
opposed to during El Niño or La Niña, but again not
significantly. There is considerable scatter and lack of
statistical significance to these associations, suggesting
that only general remarks rather than predictions or
conclusions are possible.
Snowmelt event maxima and total volume were found

to be not correlated to the modelled burned area in the
basin. This statistical finding is incompatible with the
results of decades of research on forest snow hydrological
processes in this region and similar environments
(Golding and Swanson, 1978; Troendle and Leaf, 1981;
Swanson and Golding, 1982; Swanson et al., 1986;
Hetherington, 1987; Macdonald et al., 2003; Ellis et al.,
2011, 2013; Pomeroy et al., 2012). Most observational
literature suggests that a result of forest fires is an increase
in runoff (Moody and Martin, 2001; Neary et al., 2005).
Such contrary results are most likely due to the small
proportion to the total forested area affected (<10%).
Harder et al. (2015) and Pomeroy et al. (2012) show that
larger proportions of forest cover need to be disturbed
before impacts can be detectable in streamflow regimes
because much runoff in the Canadian Rockies is produced
in alpine zones above the forest cover. Fang and Pomeroy
(2016) modelled source areas for runoff production in
Marmot Creek under different antecedent condition
scenarios and found for many flood conditions; forest
cover is important but impacts of forest disturbance are
greatly magnified when the soil as well as the canopy is
disturbed. The light soil disturbance of many wildfires
and artificial fires and the small area of the basin affected
by fire were not likely to result in any detectable impact
on the streamflow regime.
In the Bow River at Banff, large ROS events were

frequently reported prior to 1932 including a number
before streamflow records began in 1909 (Table I). It is
fortuitous that various records and histories regarding the
Bow Valley exist as far back is they do, largely due to the
ongoing importance of the valley for transportation with
the building of the Canadian Pacific Railway in the 1880s
and for conservation and tourism with the creation of
Canada’s first National Park Preserve at Banff in 1882
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and the expansion of the Rocky Mountain National Park
(later Banff National Park). Without these records it
would impossible to identify and separate such events.
This limits the potential to expand this study as climate
and historical records that were used to identify these
ROS events do not exist for other places in Western
Canada.
The clustering in time of ROS events is a particularly

interesting observation in this streamflow series as it
suggests the possibility of changes in the frequency of
winters with deep, late-lying snowpacks or in the
frequency of the large-scale systems that drive these
large-scale ROS events or both. A detailed elevational
analysis of hydrometeorological changes in the nearby
Marmot Creek Basin over 50years by Harder et al. (2015)
found that temperatures had increased at all elevations
and whilst low-elevation snowpacks had declined by
50%, high-elevation snowpacks showed no trend. Annual
precipitation also showed no trend but there was greater
clustering of multiple day precipitation events in spring
and total spring precipitation over time at high elevations.
The clustering of precipitation in multiple day events was
found to be common in the Canadian Prairie Provinces
over the last century (Shook and Pomeroy, 2012). The
declining low-elevation snowpacks might help explain
the declining trend in peak and volume of all events,
except that Bow River snowmelt peaks and volumes have
not been declining. The increase in large spring
precipitation events over the last 50 years might be
manifest in the return of large-scale systems that caused
flooding in 2012 and 2013, but the Marmot Creek record
does not go back far enough to help interpret or diagnose
the decline in early 20th century large floods, and in
general, this trend runs counter to the declining trend in
peak and volume. Harder et al. (2015) found no trend in
Marmot Creek peak flows and flow volumes at various
elevations over time, suggesting a remarkable hydrolog-
ical resilience to climate and land cover change in that
small basin (<10km2). It is very interesting that at least
for peak flows, characteristics of this resiliency scale up
to the 2210km2 Upper Bow River basin. There may be an
association between warming temperatures and declining
peaks and volumes as higher temperatures are associated
with drier and less snow-covered antecedent conditions
(Fang and Pomeroy, 2016; Rood et al., 2016). It is
suggested that further research looks for pattern changes
both in space and in time of the meteorological event and
couple that with models addressing long-term variations
in snow accumulation and soil moisture. This approach
was found to be fruitful on the North American coast
events when considering the Pineapple Express
(Dettinger, 2011). How would cycles of snow accumu-
lation, perhaps modulated by the PDO, interact with an
atmospheric regime where mesoscale precipitation events

were becoming more common over a relatively short time
period? Ntegeka and Willems (2008) examined rainfall
events in a rainfall record of similar length (107years)
showing significant changes in rainfall quantiles between
periods that persisted for 10 to 15 years indicating
clustering of large events. It would seem that studies
of the type conducted by Ntegeka and Willems (2008)
are rare.

CONCLUSIONS

Trends in annual floods in the Bow River at Banff using
the annual maxima series show significant declining
trends in magnitude and volume, but not duration. These
results are similar to those reported by Burn and Whitfield
(2016). As is the case for flood frequency analysis, when
events can be separated by generating process, the results
are quite different; no trends in flood attributes were
found when snowmelt peak and large ROS series were
tested separately. This presents an important quandary for
those responsible for risk management of engineering
structures and public safety as it necessarily changes how
one needs to think about flood processes in relation to the
existing information about floods. There has long been
recognition that records may not be stationary, and there
are numerous papers reporting on trends differing
between different time periods, but when faced with
multiple flood-generating processes that change in
proportion over time, existing methods are clearly
inadequate and unreliable.
The frequency analysis of the two types of events

showed important differences. Large ROS events are rare
and important, occurring in less than 8% of years but
generating streamflows of great consequence. The peak
streamflow estimated from the snowmelt series for a 0.01
(1:100years) probability event has a probability of ~0.3
(1:3 years) for large ROS events. Clearly, more knowl-
edge of the occurrence of these events in space and time is
important.
As would be expected for different measures of similar

events, snowmelt flood attributes were found to be highly
correlated amongst themselves, as were ROS flood
attributes. Burned area was not significantly associated
with any snowmelt or ROS descriptor, likely due to the
small burned area in the basin. No snowmelt flood
attributes were significantly correlated to PDO or other
climate system indices, except flood duration to the PDO;
ROS attributes were not correlated with any of the other
variables. The statistically significant trend for declining
flood peaks and volumes broke down when floods were
stratified into snowmelt and ROS events, suggesting the
inadequacy of current statistical techniques when applied
to mixed process events. The general lack of association
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with climate index or burned area and mixed results for
trends over time suggests a remarkable resiliency to the
Upper Bow River, something never identified for larger-
scale river basins in western Canada, but found for small
headwater catchments. This upscaling of hydroclimatic
and forest fire disturbance resiliency has major implica-
tions for climate change and land cover change mitigation
policies in the region.
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